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Abstract: A metastable G8r solution, prepared by a co-condensation technique, reacts with LiC§Bilde

give the metalloid Ga cluster compound [Ga(C(SiMes)3)g][Li 2Br(THF)g] (1). The central Ga atom of

shows a 6t 6 coordination to the 12 non-ligand-bearing Ga atoms. Due to the high symmetry of the environment
of this Ga atom, a sharffGa NMR signal at "'Ga= —134 was observed in solution. The experimentally
found NMR signal of the topologically “metallic” Ga atom is compared to the results of DFT calculations of
different GagRs~ species as well as to those of the nakeds;Galuster. On these grounds it is shown that the
electronic behavior of naked clusters is completely different from that of ligand-stabilized metalloid clusters.

Introduction ized recently apart from tetrahedral fBa species with R=

. . . . C(SiM&)3,1° Si(SiMe3)s, 1t and SiBus.*? To prepare additional
Due n large measure to t_he|r unusual physical properties, otalioid Ga clusters, we intended to start with our metastable

metal-rich molecular transition metal clusters have gained GaBr solutior and LiC(SiMe)s. This project promised to be

special attention in recent yedr& new field of metal cluster successful, since the classical synthesis using the starting

C*;]‘?”;]'Stry was Ope”ted bty lthle Firep?rt?]t.'o? of aWAbteZ'etS' 1, material GaCly-2dioxan and LiR (R= Si(SiMey)s) led to the
which was the largest metal cluster ot this type ever structurally yoyanedral G4R4 compound-! while the use of our metastable

g?rzr(:a'tc'[rerlrlezt;a—.r\g;;lali:(t)k:ﬁatcytps)e tcr)lfarr?eﬁeglljizmltglo?;: GaBr solution obtained in a co-condensation procédyrelded
, . - the metalloid GaRg species nearly quantitativety.
metalloid cluster§.We were able to characterize some additional &R SP ya ety

metalloid clusters as intermediates on the way to the metalloid gxperimental Section
Al cluster i.e., those, containig#712> and 14 Al atom$.

For the heavier group 13 element gallium, some Ga-rich All reactions were carried out in an atmosphere of dry nitrogen or
clusters containing 9 (GESI(SiMes)s)s )’ and 22 (Ga(Si- argon using Schlenk techniques. The compound LiC(giMeas

. s . 9 _ prepared from HC(SiMg; and MeLi in THF/diethyl ethet!
(SiMes)s)s,” GaAGe(SiMe)s)s’) Ga atoms have been character- ™ g o i’ of [Gag(C(SiMes)s)el[Li BF(THF) o (1). To a solution

*To whom correspondence should be addressed. Tel.: Int. ¢etge  Of (SiM&):CLi (1.5 g, 6.3 mmol, 1 equiv) in 25 mL of toluene was
(721) 608-2981. Fax: Int. code49 (721) 608-4854. E-mail: hg@achpc9. added 15 mL of a 0.3 m GaBr solution in toluene/THF (34t)—78

chemie.uni-karlsruhe.de. °C. The reaction mixture was slowly warmed to room temperature (25
(1) Schmid, G., EdCluster and ColloidesVCH: Weinheim/New York, °C), at which point a nearly black solution was obtained. After removal

\1/%9:; ?/(l%?r?ﬁglnq/ﬁev??orl_k Al.égegalthby, P.Metal Clusters in Chemistry of the solvent in vacuo, a black residue remained which was extracted
(2)' Ecker, A.: Weckert, é.; Sch’bbel, H. Nature 1997 387, 379. with toluene, giving a black toluene solution. On slow concentration
(3) We have introduced the definition “metalloid clustersih order to of this extract, black crystals dfwere obtained (400 mg, 0.123 mmol,

distinguish from the more general expression “metal clustéiid to find 30% yield)®

a new “terminus technicus” for this special kind of clusters. Normally, X-ray Crystallography: Structure Determination. Single-crystal

“metalloid” is used for elements having some but not all of the macroscopic X-ray diffraction data were collected with the use of graphite-

physical properties of a metal, i.e., the elements arsenic and silicon. In our - [ _
case we focus on the structural arrangement of the metal atoms in the soligMonochromatized Mo ¥ radiation ¢ = 0.71073 A) at 200 K on a

metals. Having this topological arrangement of metal atoms in mind, we STOE IPDS diffractometer. The structure was_solved by direct _methods
call such metal clusters “metalloids”, which in certain discrete areas exhibit (SHELXS 97), and 686 parameters were refined by full matrix least-
an arrangement similar to those of the solid metals. These clusters aresquares againg? (SHELXL 97) with anisotropic thermal parameters
topologically metalloid but not metallic, since characteristic metallic
properties, such as conductivity, are not necessarily present. Such metalloid (10) Uhl, W.; Hiller, W.; Layh, M.; Schwarz, WAngew. Chem1992
clusters-based on the Greek worddog (or Latin: idea), for idea or 104, 1378;Angew. Chem., Int. EA.992 31, 1364.

prototype—display a structure in their interior, in which we can recognize (112) Linti, G. J. Organomet. Chen1996 520, 107.
albeit sometimes only vaguehthe basic structural elements of the metal. (12) Wiberg, N.Coord. Chem. Re 1997, 163 217.
(4) Purath, A.; Kppe, R.; Schirckel, H.Angew. Chenil999 111, 3114; (13) Dohmeier, C.; Loos, D.; Schokel, H. Angew. Chem1996 108
Angew. Chem., Int. EA999 38, 2926. 141; Angew. Chem., Int. EA.996 35, 129.
(5) Purath, A.; Kppe, R.; Schirckel, H. Chem. Commurl999 1933. (14) Cook, M. A.; Eaborn, C.; Jukes, A. E.; Walton, D. R. NL
(6) Kohnlein, H.; Steser, G.; Baum, E.; Mthausen, E.; Huniar, U.; Organomet. Cheml97Q 24, 529.
Schriekel, H.Angew. Chen00Q 112, 828;Angew. Chem., Int. E@00Q (15)H NMR (250 MHz, THF4ds, 25°C): ¢ = 0.25 (s, 54H), 1.72 (s,
39, 799. broad, 24H), 3.57 (s, broad, 24H$C NMR (63 MHz, THFds, 25°C): 6
(7) Linti, G.; Kostler, W.Angew. Chenm997, 109, 2758;Angew. Chem., = 6.51 (CH). 2°Si NMR (50 MHz, THF4dg, 25 °C): 6 = —6.075 (dz,
Int. Ed. 1997, 36, 2644. J(?°Si—1H) = 6 Hz). "Ga NMR (92 MHz, THFds, 25°C): § = —134
(8) Schnepf, A.; Weckert, E.; Linti, G.; Schokel, H. Angew. Chem (h12= 191 Hz). MS: In an El mass spectrum no fragments of higher masses
1999 111, 3578;Angew. Chem., Int. EA.999 38, 3381. could be assigned; therefore, an investigation using MALDI equipment is
(9) Linti, G.; Rodig, A.Chem. Commur200Q 127. planned.
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Table 1
no.of Ga=Ga  Ga—Gabond
bonds from each lengths
position of Ga atoms of the Ga atoms  (average) [A]
central 12 2.84
planar six-membered ring 5 2.68
upper and lower six-membered 4 2.67
ring (non-ligand-bearing)
upper and lower six-membered 3 2.50

ring (ligand-bearing)

Figure 1. Molecular structure of the [GgC(SiMes)s)s] ~ anion inl.
The methyl groups were omitted for clarity.

Figure 3. Substructure of the Gaanions withinl. Only the central
atoms of the Ga anions are presented.

Figure 2. Gallium core of the [Ga(C(SiMe&s)3)¢] ~ anion inl.

for all non-hydrogen atoms. Two of the C(Siitegroups are disordered
over two positions eachRl = 0.0554 and \R2 = 0.1285 (for 9162
reflections withF > 40(F)), whereR1 and wR2 are defined aRl =
(X 1IFol = IFel /(X IFol); wR2 = ((Xw(Fo* — F?)?))H2.1

Results and Discussion

To prepare the Ga title compound, a metastable Ba
solution in toluene/THF was treated with trisyllithium (LiC-
(SiMez)3) at —78 °C. A nearly black reaction mixture was
obtained. After the solution was heated to room temperature
and the solvent evaporated in vacuo, a black residue remained
The black residue was extracted with toluene, giving a black
toluene extract. On concentration of this solution, black crystals
of [Gayo(C(SiMes)3)g][Li 2Br(THF)s] (1) were obtained. The
result of the X-ray-crystal structuture analysis of these black
crystals is shown in Figure 1L contains a metalloid cluster
anion with 19 gallium atoms. Of these 19 gallium atoms, only
six bear a ligand, with an average @ distance of 2.009 A,

The gallium core ofl can be described as follows (Figure  Figure 4. Octahedral hole within the solid-state structure of {Sa
2): 18 gallium atoms are arranged as three stacked SiX-(C(SiMey)s)d][Li 2Br-6THF] 1. Only the Ga atoms and the BBr-
membered rings. The 19th gallium atom is in the center of the 6THF]* cation 1a (without hydrogen atoms) are shown. The lengths
of the edges of the octahedron are in the range from 16.66 to 19.27 A.

(16) Crystallographic data df GaygSiigCgaH324L12BrOg, M, = 3240.61,
crystal dimensions 0.5 0.7 x 0.7 mm, monoclinic CC2/c, a = 26.237- . .
&2)' b = 20.523(2), ana = 26.7474(19) Af = 90.346(93, VV = 14377(2) central six-membered nearly planar ring (8aa—Ga angles,
3’ Z

= 4, peaic = 1.497 g cm®, umo = 3.985 mnT?, 20may = 51.74, 116.5). The Ga-Ga distances vary from 2.7713(9) to 2.7940-
49 579 measured reflections, 13 800 unigRr(t.) = 0.1176), 916 > (9) A and average 2.7828 A. The upper and lower rings are
40(F); absorption correction, numeric (min/max transmission, 0.527/0.709),
GOOF = 0.994, no. of parameters 686, Ry(>40) = 0.0554, vRy(all) = puckered (GaGa—Ga angles, 147 and 8}l and the GaGa

0.1419. distances vary from 2.5201(8) to 2.5547(8) A (average, 2.5308
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Table 2. Calculated’’Ga NMR Shifts and GaGa Distances (A) for GaRs~ (R = H, CHs, C(SiHs)s) and Gas~ and the Experimentally
Obtained Data for Gg(C(SiMe&s)s)s™

GaygHs Gayg(CHa)s™ Gayg(C(SiHs)3)s~ Gaiz~ expt,

Verbindung (249 (24b) (249 (240 24
r(Ga(1)-Ga(2)) 2.837 2.841 2.843 2.70 2.740
r(Ga(1)-Ga(3)) 2.959 2.957 2.988 2.70 2.955
r(Ga(3)-Ga(4)) 2.544 2.555 2.545 2.531
8 1Ga(l) -6 ~109 —231 ~603 —134
0 "Ga(2) 156 152 177 —842
o "'Ga(3) —186 —242 ~301 —842
8 'Ga(4) 620 697 651

A). Due to the puckered conformation of the upper and lower  The more “molecular” kind of bonding between the ligand-
six-membered rings, two different distances (2.4485(av) and bearing Ga atoms and the Ga atoms of the core is also evident
2.6530(av) A) to the central Gaing are found. from the shorter bond lengths of 2.4485 and 2.5308 A, which
The Ga-Ga distance of the central Ga atom to the six Ga are in the same range as the-@aa distances observed in
atoms in the nearly planar ring is 2.7399(av) A. The-Ga- digallanes'?
#distance between the central atom and the remainig six non- Within the structures of elemental gallium, this coordination
ligand-bearing Ga atoms is 2.9490(av) A. Thus, the coordination number is realized only in the high-pressure modifications
number of the central Ga atom is 12 {6 6], similar to the (Ga(ll) and Ga(ll))!® and therefore the high coordination
situation in a ccp or hcp closed-packing unit. number of 12 of the central gallium atom ih was very

The geometric arrangement of the 12 non-ligand-bearing Ga Unexpected.
atoms around the central Ga atom is between anticuboctahedral In the solid state, packing df can be described as follows:
and icosahedral. This situation is similar to that realized in the the [Gao(C(SiMes)s)¢] = anions form a distorded cubic closed-
first sphere of the 12 Al atoms surrounding the central Al atom packing (ccp) unit (Figure 3), exhibiting distances between the
in the Al;7 cluster anior®. central Ga atoms of the clusters between 16.66 and 19.27 A.
The six ligand-bearing Ga atoms are bonded to three non- The [LizBr-GTHF_]+ cationsla are Io_cated in the octahedral
ligand-bearing Ga atoms each, with average bond lengths thole§ of the anion substructure (Figure 4), and the overall
2.503 A. In this arrangement, the gallium core is totally shielded Packing resembles the NaCl salt structure.
by the six ligands. This shielding of the ligand shell may be  The reason the unusual fEr-6THF]* cationlaand not the
the reason for the observed structure of thisg@huster anion.  expected [Li(THF)]™ cation is found in the octahedral holes
However, electronic reasons may also be important: after elimi- Mmay be the size of the octahedral holes: the [Li(TiF}ation
nating six GaC(SiMgs groups, a hypothetical Ga fragment is not large enough to fill these holes. The same may be valid
is obtained. This cluster fragment contains 40 electrons, which for the Al7(N(SiMes)2)2¢*~ anion, where the [l -5E£0]*
is a stable electronic configuration within the jellium mo#fel. ~ cation is found in the trigonal prismatic holes of the anion

Similar to the situation in the metalloid G#Si(SiMey)g) ~ Substructuré. _ _ -
cluster the average GaGa bond lengths irl decrease from In contrast to the unsymmetrical PLISELO]™ cation
the central Ga atom to the ligand-bearing Ga atoms, as a(d(Li—l) = 2.65 and 2.84 A), the catiorla more sym-

consequence of the decrease of the coordination number in theMetrically surrounds the central Br atoxi(i(i —Br) = 2.42 and
same direction (see Table 1). 2.51 A). Furthermore, the central Br atom 1 exhibits a

Therefore, the topologically “metallic” character of the Ga ™M°'® !inea_r structure (!:iBr_—Li N 1593).' Wh”e the corre-
atoms decreases feomgtheycenter to the outer shell. ThisSpondlng Li-I-Liangle in [Li2-5ELO]" is significantly smaller
interpretation holds true since the average bond lengths and the(145°)' ) )
coordination numbers (CN) of the central atom (2.8445 A and AS 1 is soluble in THF, we were able to perform NMR
12, respectively) are between those of the Ga atoms in the high_measurements. The highly symmetric environment of the central

pressure modifications of gallium (Ga(ll), CN 8, 2.783 A: Ga atom inl should cause a relatively shafisa NMR signal,
Ga(lll), CN = 14, 2.9277 A)8 in contrast to mostly unobservéta NMR signals. Indeed, of

the expected four signals of the four different sets of Ga atoms,
we find only one signal ab "'Ga= —134, with a half-width

(17) Cohen, M. L.; Chan, M. Y.; Knight, W. D.; deHeer, W. A.Phys.
Chem.1987, 91, 3141.
(18) Bosio, L.J. Chem. Physl978 68, 1221.

(19) Doriat, C. Dissertation, University of Karlsruhe, 1998.
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of 191 Hz. This small line width is similar to the signal of the similar to that of the methyl compound, but slightly shifted to
highly symmetric [GaBj]~ species (185 H¥), while the half- higher field.
width drastically increases in an unsymmetrical environment A hypothetically “naked” Ga~ species was calculated to
(e.g., GaBgE1O, 7000 H2Y). Therefore, it seems plausible that occur atd "'Ga= —603 for the central Ga atom. The Ga
only the signal of the central Ga atom Incould be detected.  species is of icosahedral symmetry and about 88 kJ lower in
ThelH, 13C, and?®Si NMR data show no significant difference  energy than the cuboctahedral conformation (Table 2). That
in the signals found in the case of the tetrahedral compound means the results for the Gaore of the Ga(GaR)~ species
(GaC(SiMg)3)4.1° are completely different from those for the “naked”;gaanion.

To the best of our knowledge, this is the first experimentally ~qnclusion
detected’Ga NMR shift of a “metallic” Ga atom; moreover,
we are unaware of any other NMR detection of a “naked”
metallic atom in a molecular compound. Thus, this result may
be important for comparing the bonding of ligand-stabilized
clusters and naked clusters.

To get a first insight into this problem, we calculated the
IGa NMR shifts of Ga(GaR}~ (R = H, CHs, C(SiHy)3).?
The results"'Ga NMR shifts and GaGa distancesare
summarized in Table 2 and demonstrate that variation of the
ligand causes a drastical change in the NMR shifts, while the
geometry is hardly influenced. Acknowledgment. We thank the Deutschen Forschungsge-

Comparison of the calculated results with the observed shift meinschaft and the Fonds der Chemischen Industrie for financial

signal ato 71Ga= —134 shows thatas expectedthe latter is support and I. Krossing and E. Mioausen for helpful discus-

The large difference between the observed NMR shift of the
metalloid clustedl and the calculated signal of a “naked” za
cluster clearly indicates that the comparison to calculated naked
metal clusters?32324does not help us to understand the bonding
and the electronic behavior of the experimentally found met-
alloid clusters, which may be important for many further applica-
tions. Moreover, the presented results show that by varying the
ligands, the electronic behavior of metalloid clusters may be
tuned.
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